Based on the diquark configuration, we construct the diquark-antidiquark interpolating tetraquark currents with J P C = 1 −± and 1 +± , which can couple to the scalar and pseudoscalar tetraquark states respectively, since they are not conserved currents. Then we investigate their two-point correlation functions including the contributions of the vacuum condensates up to dimension-10 and extract the masses and pole residues of the tetraquark states with J P C = 0 +± and 0 −± through the QCD sum rule approach. The predicted masses can be confronted with the experimental data in the future. Moreover, we briefly discuss the possible decay patterns of the tetraquark states.
Introduction
Since the discovery of the X(3872) resonance by Belle collaboration in 2003 [1] , more and more exotic hadrons have been observed and confirmed experimentally, such as the charmonium-like XYZ states [2] , hidden-charm pentaquarks [3] , etc. These resonances with four or five valence quarks cannot be interpreted as conventional quark-antiquark mesons or three-quark baryons in the quark model [4] . They are new blocks of QCD matter, which provide an important platform to deepen our understanding of the low energy behaviors of QCD.
Facing the large amount of data on the exotic states, the theoretical researchers of high energy physics have proposed several models to explain their nature, such as molecule, multiquark state, hadrocharmonium, hybrids, kinematical effects, etc. In the molecular picture, a tetraquark (pentaquark) state is explained as a hadronic molecule of two mesons (one meson and one baryon) [5, 6] . The multiquark state interpretation is based on the phenomenological diquark picture [7] , in which a tetraquark state is assumed to be a diquark-antidiquark object [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and a pentaquark state is a diquark-diquark-antiquark object [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , bound by gluonic exchanges. In the hadroquarkonium picture for multiquark exotics, the heavy-quark pair QQ forms a compact core about which the lightorforms a quantum-mechanical cloud [30, 31] . Here, we simply introduce the above three popular models. For more reviews of the theoretical interpretations, see Ref. [32, 33] . Unfortunately, as so far, no single model naturally accommodates all the observed states. It will be a long way to reveal the nature of the multiquark candidates completely.
In addition, the observations of these exotic states stimulate the arguments for more possible multiquark states. In Ref. [34] , we have studied the possible scalar hidden-charm cucd (cucs) tetraquark states by constructing the corresponding C ⊗ C and Cγ µ γ 5 ⊗ γ 5 γ µ C type scalar interpolating currents. In this article, we investigate the other possible scalar and pseudo-scalar hidden-charm tetraquark states with different structures. Specifically, we construct the C ⊗ γ µ C and Cγ 5 ⊗ γ 5 γ µ C type interpolating tetraquark currents with J P C = 1 −± and 1 +± in the diquark configuration, calculate their two-point correlation functions, and extact the spectral densities for the scalar and pseudoscalar tetraquark states through the tensor analysis method. Then we perform the QCD sum rule analysis and obtain the masses and pole residues of the hidden-charm tetraquark states with J P C = 0 +± and 0 −± .
This article is organized as follows. In section 2, we construct the vector and axial-vector interpolating tetraquark currents, extact the spectral densities for the scalar and pseudoscalar tetraquark states up to dimension-10 and derive the masses and pole residues of the scalar and pseudoscalar tetraquark states with the QCD sum rules. The numerical results and discussions are performed in section 3. The last section is reserved for our conclusion.
2 QCD sum rules for the J P C = 0 +± and 0 −± hidden-charm tetraquark states
To begin, we construct the diquark-antidiquark interpolating tetraquark currents with J P C = 1 −± and 1 +± , based on the diquark configuration. The vector and axial-vector interpolating currents are
and
respectively, where the i, j, k, m and n are color indexes, the C is the charge conjugation matrix. Under charge conjugation transform C, the currents J t,a/b µ (x) have the properties,
which originate from the charge conjugation properties of the scalar, pseudoscalar and axial-vector diquark states,
where q = u, d. Thus the superscript t = ± of the interpolating currents J t,a/b µ (x) can correspond the positive and negative charge conjugations for the vector and axial-vector tetraquark states.
In the following, we compute
where m q = m u = m d , the p µ is the momentum of the current, which is equivalent to the sum of the constituent quarks' momenta and can be replaced by the i∂ µ in momentum space. In Eqs.(5)-(6), the derivative operator acts on all quark fields including u jT (x)Cc k (x) and the relevant terms are not written out because they are complicated, which can not be simplified by the Dirac equation. From the Eqs. (5)- (6), we can see that the ∂ µ J t,a/b µ (x) = 0, hence the currents J t,a/b µ (x) are not conserved and can couple to the scalar and pseudoscalar tetraquark states, respectively. Besides, the Eqs. (5)- (6) indicate that the superscript t = ∓ of the interpolating currents J t,a/b µ (x) can correspond the positive and negative charge conjugations for the scalar and pseudoscalar tetraquark states.
The two-point correlation functions of the vector and axial-vector currents are written as
There are two parts of Π 
where the pole residues λ Z are the ground states of the spin-1 and spin-0 hidden-charm tetraquark states, respectively, and the ε µ are the polarization vectors of the vector and axialvector tetraquark states. In Refs. [35, 36] 
to eliminate contaminations of the vector and axial-vector tetraquark states, and study the remaining scalar and pseudoscalar tetraquark states Z 
where the λ Z −,a 0
are bare quantities to absorb the divergences in the self-energies
The renormalized self-energies contribute a finite imaginary part to modify the dispersion relation,
In previous works, we observed that the effects of the finite widths, such as Γ X(4500) = 92 ± 21
−70−132 MeV, can be safely absorbed into the pole residues λ X/Z [37] . Thus we take the zero width approximation, and expect that the predicted masses are reasonable.
On the other hand, the two-point correlation functions Π t,a/b µν (p) can be calculated at the quarkgluon level via the operator product expansion method. We contract the u, d and c quark fields in the correlation functions Π t,a/b µν (p) with the wick theorem and obtain the results:
where the U ij (x), D ij (x) and C ij (x) are the full u, d and c quark propagators, respectively,
the P ij (x) denotes the light quark propagator
, the λ n is the Gell-Mann matrix, and
. Then we compute the integrals both in the coordinate and momentum spaces, and obtain the correlation functions Π t,a/b µν (p). In calculations, we carry out the operator product expansion to the vacuum condensates up to dimension-10. The vacuum condensates are the vacuum expectations of the operators O n , we take the truncations n ≤ 10 and k ≤ 1 for the operators in a consistent way, and discard the operators of the orders O(α k s ) with k > 1. In Eq. (15), we retain the terms q j σ µν q i and q j γ µ q i originating from the Fierz re-arrangement of the q iqj to absorb the gluons emitted from the heavy quark lines so as to extract the mixed condensates and four-quark condensates qg s σGq and g 
(s) of the scalar and pseudoscalar tetraquark states are obtained successfully through dispersion relation.
After getting the explicit expressions of the QCD spectral densities ρ
(s), we take the quark-hadron duality bellow the continuum threshold value s 0 and perform Borel transform with respect to the variable P 2 = −p 2 to obtain the following QCD sum rules:
where
the subscripts 0, 3, 4, 5, 6, 7, 8 and 10 denote the dimensions of the vacuum condensates in the operator product expansion, the T 2 denotes the Borel parameter. We collect the spectral densities , we obtain the QCD sum rules for the masses of the scalar and pseudoscalar tetraquark states,
3 Numerical results and discussions
In this section, we perform the numerical analysis. For the hadron mass, it is independent of the energy scale because of its observability. However, in our calculations, we discard the perturbative corrections and the operators of the orders O(α k s ) with k > 1 or the dimensions n > 10, and factorize the higher dimension operators into non-factorizable low dimension operators with the same quantum numbers of the vacuum. In addition, the variation of the heavy mass m c depending on the energy scale leads to change of integral range 4m [38, 39, 40] , and the M S mass m c (m c ) = (1.275 ± 0.025) GeV from the Particle Data Group [2] . Moreover, we neglect the light quark masses and take into account the energy-scale dependence of the quark condensate, mixed quark condensate and M S mass from the renormalization group equation,
, Λ = 213 MeV, 296 MeV and 339 MeV for the flavors n f = 5, 4 and 3, respectively [2] .
In Eq. (20), there are two free parameters: the Borel Parameter T 2 and the continuum threshold value s 0 . The extracted hadron mass is a function of the Borel parameter T 2 and the continuum threshold value s 0 . To obtain a reliable mass sum rule analysis, we impose two criteria on the hidden-charm tetraquark states to choose suitable working ranges for these two free parameters. The first criterion is the pole dominance on the phenomenological side, which require the pole contributions to be about (40 − 60)%. The pole contribution (PC) is defined as,
The second criterion is the convergence of the operator product expansion. To judge the convergence, we calculate the contributions D i in the operator product expansion with the formula,
where the index i denotes the dimension of the vacuum condensates. To search for the continuum threshold value s 0 more precisely, we take into account the mass gaps between the ground states and the first radial excited states, which are usually taken as (0.4 − 0.6) GeV in the tetraquark sector. For examples, the Z(4430) is tentatively assigned to be the first radial excitation of the Z c (3900) according to the analogous decays, Z c (3900 [41] [42] [43] [44] ; the X(3915) and X(4500) are assigned to be the ground state and the first radial excited state of the axialvector-diquark-axialvector-antidiquark type scalar cscs tetraquark states, respectively, and their mass difference is M X(4500) − M X(3915) = 588 MeV [45] . The relation
serves as a constraint on the masses of the hidden-charm tetraquark states.
In this article, we take the energy scale µ as a free parameter and evolve all the input parameters in the QCD spectral density to the special energy scale determined by the empirical formula,
with the effective c-quark mass M c = 1.82 GeV. The heavy tetraquark system could be described by a double-well potential with two light quarks q ′q lying in the two wells respectively. In the heavy (25), one can refer to Refs. [35, 36, [46] [47] [48] [49] , where the authors study the energy scale dependence of the QCD sum rules for the hidden-charm tetraquark states and molecular states in detail, and suggest the above energy scale formula for the first time. The energy scale formula works well for the X(3872), Z c (3885/3900), X * (3860), Y (3915), Z c (4020/4025), Z(4430), X(4500), Y (4630/4660), X(4700) in the scenario of tetraquark states. Actually, the formula put another constraint on the masses of the hidden-charm tetraquark states. In our calculations, we observe that the values of the masses M Z decrease slightly with increase of the energy scales µ from QCD sum rules in Eq. (20), while Eq. (25) indicates that the value of the masses M Z increase when the energy scales µ increase. Thus there exist optimal energy scales, which lead to reasonable masses M Z . In Fig.1, we show threshold parameters to satisfy the two criteria of the QCD sum rules. To explain the procedure, we take the scalar tetraquark state Z − ,a 0 with J P C = 0 ++ as an example. From the first panel of Fig.1 , we can see that the values √ s 0 ≤ 5.4 GeV are too small to satisfy the pole dominance condition and result in reasonable Borel windows. In the first panel of Fig.2 , the contributions of different terms change quickly with respect to the Borel parameter at the region T 2 < 5.0 GeV 2 , which does not warrant platform for the mass. At the value . The pole dominance condition is well satisfied. Similarly, we obtain the Borel parameters, continuum thresholds and the pole contributions for all tetraquark states Z ± ,a/b 0 , which are shown explicitly in Table 1 . We take into account all uncertainties of the input parameters, and obtain the values of the masses and pole residues of the tetraquark states, which are shown in Table 1 is the lowest hidden charmed tetraquark state, whose mass is about 3.82 GeV [50] ; the charge conjugation partners have almost degenerate masses for the pseudoscalar tetraquark states Z ± ,b 0 , while there is a considerably large energy gap about 610 MeV between the masses of the C = + and C = −1 scalar tetraquark states Z ± ,a 0 ; the mass predictions of the scalar tetraquark states are larger than the counterparts of the pseudoscalar tetraquark states because the scalar tetraquark states have the C ⊗ C type substructure and the pseudoscalar tetraquark states have more stable Cγ 5 ⊗ C type and C ⊗ γ 5 C type substructures, which can be found in Eqs. (5)- (6) . A meson may have a lot of Fock stastes with different constituents, such asqq,qqg,, etc. These mesons we study in this article have non-vanishing couplings with the tetraquark currents, thus these mesons contain the tetraquark constituent. The present predictions can be confronted with the experimental data in the future at the BESIII, LHCb and Belle-II.
Using the masses obtained above, we study the possible hadronic decay patterns of the scalar and pseudoscalar hidden-charm tetraquark states Z 
Conclusion
In this article, based on the diquark configuration, we use the scalar, pseudoscalar, axialvector diquarks and their corresponding antidiquarks to construct the vector and axial-vector interpolating tetraquark currents, which can couple to the scalar and pseudoscalar tetraquark states respectively. Then we distinguish the charge conjugations of the interpolating currents. In calculations, we consider the contributions of the vacuum condensates up to dimension 10, use the empirical energy scale formula to determine the ideal energy scales of the QCD spectral densities, and study the ground state masses and pole residues of the hidden-charm tetraquark states with quantum numbers J P C = 0 +± and 0 −± . The numerical results of the masses M Z ± ,a/b 0
show that the charge conjugation partners have almost degenerate masses for the pseudoscalar tetraquark states, while there is a considerably large energy gap about 610 MeV between the masses of the C = + and C = −1 scalar tetraquark states, which is especially interesting. And the mass predictions of the scalar tetraquark states are larger than the counterparts of the pseudoscalar tetraquark states. Moreover, we briefly discuss the possible decay patterns of the tetraquark states. Our studies on the tetraquark states can be useful for their searches in future experiments at facilities such as BESIII, BelleII, LHCb, etc. 
